A theoretical description of the electronic states of the SBr radical at a high level of correlation effects treatment is presented for the first time. Most of its potential energy curves have a repulsive nature, but a set of bound 2 ⌸ states should provide a means for the experimental characterization of this species. The ground state can support over 40 vibrational states, but transitions from the 2 2 ⌸ state, with a very shallow well ͑four levels͒, should have intensities spread over a maximum around vЉ = 10; lower vibrational levels can only be accessed for transitions from two high-lying Rydberg states. A whole set of spectroscopic constants, including vibrationally averaged spin-orbit coupling constants, and radiative transition probabilities and lifetimes quantify the theoretical description, thus supplying reliable results to guide the experimental investigation of this species.
I. INTRODUCTION
In the series of sulfur halide radicals ͑SX , X =F,Cl,Br͒, the amount of experimental and theoretical data available in the literature decreases significantly from SF to SCl and is practically inexistent for SBr.
1-5 Experimentally, contrasting with SF for which relatively low-lying bound electronic excited states have been accessed, for SCl the only investigation reported, using resonance-enhanced multiphoton ionization spectroscopy, could not characterize unequivocally the single Rydberg transition observed due to insufficient band data, even for the ground state. An analysis of this difficulty has been discussed in a previous publication of our group, in which a manifold of repulsive states and some high-lying Rydberg states have been characterized, and the curve crossings leading to predissociation were identified. SCl was also the object of a recent study by Yang and Boggs, 4 but despite their detailed description of this system including spin-orbit effects, they have missed to find the high-lying Rydberg state discussed experimentally. For SBr, Feuerhahn et al. 5 prepared this species by photolysis of S 2 Br 2 , and after passing the stable molecule through a microwave discharge of argon in excess, trapped the radical in an argon matrix at 9 K, thus obtaining 518 cm −1 for its fundamental frequency. As it will be discussed below, this value is not consistent with our best result, being about 12% higher, but it is very close to the stretching mode S-S ͑534 cm −1 ͒ of the parent molecule ͑S 2 Br 2 ͒.
6 If S 2 Br 2 is quite a well known species, what is the difficulty in obtaining the spectrum of the monomer SBr? Has SCl discouraged the study of SBr?
In this paper our main goal is to describe a manifold of excited electronic states of SBr at a high level of electronic correlation treatment which can provide spectroscopists with reliable data to guide them in designing appropriate experimental conditions for the investigation of this species. It includes potential energy curves and the associated spectroscopic constants, radiative transition probabilities and lifetimes, and vibrationally averaged spin-orbit coupling constants. With this study, a rigorous characterization of the series of sulfur halides, SF, SCl, and SBr, will then be completed and available in the literature for further use in various contexts, specially for studies concerning atmospheric processes involving sulfur-containing species and halogens.
II. THEORETICAL APPROACH
The description of the electronic structure of a manifold of states was carried out at the multireference configuration interaction ͑MRCI͒ level using two modifications of the augmented correlation-consistent polarized valence quadruple zeta ͑aug-cc-pVQZ͒ basis sets developed by Woon and Dunning 7 and Kendall et al. 8 The first modification consisted of the addition of two extra diffuse functions for each of the s-and p-type functions for S and Br to make the set more flexible for the description of possible Rydberg states. The coefficients for these extra functions are s͑0.015 63, 0.005 71͒ and p͑0.011 15, 0.003 92͒ for S and s͑0.016 57, 0.006 20͒ and p͑0.011 79, 0.004 55͒ for Br; the second modification was the removal of the g-type functions of the original set to reduce the computational time/cost, since calculations were performed at intervals of 0.05a 0 for most of the internuclear distance range investigated. Before the MRCI step, a complete active space self-consistent field ͑CASSCF͒ calculation was performed on top of a selfconsistent field calculation of the closed shell SBr − anion. To make this step also manageable within our computational resources, 11 electrons were distributed in a ͑3, 3, 3, 0͒ active space that consisted of valence orbitals plus one set of correlating orbitals of b 1 and b 2 symmetries, in the C 2v point group. We note that the innermost valence orbital of a 1 symmetry was excluded from the active space, although included in the correlation treatment; this decision was based on preliminary calculations which showed this orbital to be doubly occupied for the most important configuration state functions ͑CSFs͒ of the different state symmetries. Even with this restriction, the dimension of the configuration spaces generated for the doublet states was 1524 for A 1 ͑⌺ + , ⌬͒ and B 1 ͑⌸͒ state symmetries and 1476 for A 2 ͑⌺ − , ⌬͒, which will require further action in the generation of the MRCI wave function. In this preliminary step, an average CASSCF calculation 9, 10 was performed which included a total of 16 electronic states, four states for each of the representations of the C 2v point group; this guarantees equivalence of the degenerate b 1 ͑ x ͒ and b 2 ͑ y ͒ molecular orbitals. This choice is sufficient to describe all the states correlating with the first dissociation channel and some of the states correlating with the second channel, namely, 2 ⌸͑4͒, 2 ⌺ + ͑2͒, 2 ⌺ − ͑2͒, and 2 ⌬͑2͒. For the sake of completeness, and based on previous knowledge that for the quartets of SCl most of them are also not bound, an additional calculation is presented only for the lowest-lying quartet state ͑ 4 ⌺ − ͒. Next, a smaller subset of reference functions was selected based on the coefficients ͑greater than 0.035 in magnitude͒ of the CASSCF wave functions, thus comprising the reference sets from which the final wave functions for each symmetry were constructed as single and double excitations from these reference sets using the internally contracted MRCI approach. 11, 12 Averaged natural orbitals from the CASSCF step were used in the construction of the N-particle space; the final wave function contained about 800 000 CSFs. For the only quartet state investigated, we used the same active space but included only one state for each symmetry representation in the averaging process, leading to a final MRCI wave function with about 150 000 terms. These calculations were performed with the MOLPRO-2000 suite of programs. 13 To assess spin-orbit effects, a separate set of calculations was next carried out also at the CASSCF/ MRCI level, 14 using the same approach as described above, and the one-and two-electron Breit-Pauli operators, but limited to the 2 ⌸ states. The aug-cc-pVTZ basis set was employed and left uncontracted as required by the MOLPRO code. The final dimension of the MRCI wave function was about 800 000 terms.
Finally, to account for the Rydberg states, we note first that MOLPRO, in its automated procedure to calculate energies at various internuclear distances, carries the past history of the CASSCF molecular orbitals from one distance to the next one. Since Rydberg states have minima at distances shorter than the ground state one, depending on how the procedure is started, the character of the medium-long range repulsive states is carried over to shorter distances and one is unable to generate a wave function that can describe Rydberg states. On the other hand, if one starts the automated procedure at distances much shorter than the ground state equilibrium one, and if the basis set is flexible enough with diffuse functions, one can be fortunate to generate states with Rydberg character. The problem one faces next is that at some point beyond the ground state equilibrium distances, a series of avoided crossings between the Rydberg states and repulsive valence states occurs which introduces a slight discontinuity in the potential energy curves. In this automated process, this discontinuity arises because of the difficulty of treating in a balanced, practical, and economical way the Rydberg and valence orbitals in the active space and the average of states in the CASSCF step without the timeconsuming process of manually selecting appropriate Rydberg orbitals and forcing them to be a part of the active space. In this work we could find that these states and the results described in the next section are limited to distances between 3.4 and 4.0a 0 and were obtained following the same steps as described above. As discussed in detail in previous studies, [15] [16] [17] vibrational energies, wave functions, and transition probabilities were computed using the INTENSITY program, 18 and spectroscopic constants were obtained by standard fitting procedures.
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III. RESULTS AND DISCUSSION
A. Potential energy curves
An overall view of the manifold of the low-lying doublet electronic states of SBr is depicted in Fig. 1 . Similarly to SCl, most of the states shown have a repulsive character but, differently from SCl, a shallow minimum is predicted for the 2 2 ⌸ state of SBr, from which dipole allowed transitions to high-lying vibrational states of the X 2 ⌸ ground state are in principle possible; clear also in Fig. 1 Table I does not seem to support such an assignment, which seems to be more consistent with the value of 534 cm −1 of the S-S stretching mode of the parent molecule S 2 Br 2 , the small difference in frequency being caused maybe by matrix effects. Additional calculations at the CCSD͑T͒ level with the augcc-pVTZ and aug-cc-pVQZ basis sets resulted in harmonic frequencies of 451 and 462 cm −1 , respectively, which thus corroborates our findings with the MRCI approach of 461 cm −1 , since it is very unlikely that both methods are in error by more than 12%. To complete the potential energy curve characterization, a set of spectroscopic constants is presented in Table II ; these values are dependent on the number of adjusting parameters and points used in the fitting. The ground state dissociation energy ͑D e ͒, computed as the difference between the energies at the asymptotic limit and at equilibrium, is predicted to be 2.40 eV. As to the barrier height at the avoided crossing of the 2 2 ⌸ state, it is located 0.11 eV higher relative to the 2 2 ⌸ state minimum; this minimum, on its turn, is located 0.71 eV higher than the first channel asymptote. The ground state dissociation energy is slightly smaller than the ground state bond dissociation energy of BrO, 2.42 eV. 23 It reflects a bond about 20% weaker than that in SCl, with D e ranging in values from 0 ͑c 0 ϳ 0.94͒, with the 5 and 6 molecular orbitals ͑MOs͒ being essentially a bonding and an antibonding combination, respectively, of Br 4p and S 3p atomic orbitals ͑AOs͒. At the equilibrium distance of the first bound excited doublet state, the above configuration is still the dominant one for the ground state ͑c 0 ϳ 0.92͒, but since the gap between 5 and 6 decreases with increasing bond length, a 5 → 6 electron migration is facilitated, leading to the configuration ͑12͒ 2 ͑5͒ 3 ͑6͒ 4 ͑13͒ 0 , which is now the dominant one for the bound 2 2 ⌸ state. At the ground state equilibrium distance, the low-lying repulsive states can be viewed as arising from electronic promotions from either a 6 antibonding MO to 13, a higher lying antibonding MO resulting from a mixture of Br 4p z and S 3p z AOs, ͑12͒ 2 , respectively. Notice that the former one differs from the ground state configuration by a promotion of an electron from a bonding 12 MO ͑a bonding mixture of Br 4p z and S 3p z AOs͒ to 13, whereas the latter one results from a 6 → 13 two-electron excitation.
Unlike SF, with a high-lying 2 2 ⌸ state described by the electronic configuration¯6 2 2 4 7 2 3 3 , the first excited 2 ⌸ state, of both SCl and SBr, can be characterized at their equilibrium distances by configurations of the typē n 2 ͑n +1͒ 2 m 3 ͑m +1͒ 4 , where m and ͑m +1͒ are bonding and antibonding MOs, respectively, resulting from a mixture of the valence p AOs of both the halogen and sulfur. As the internuclear distance increases, the energy gap between m 3 and ͑m +1͒ 4 decreases, and in the case of the larger Br atom, this decrease is more accentuated, thus decreasing the antibonding character of 6 and imparting an extra stability to this state of SBr in the equilibrium region.
Complementing these data, the dependence of the spinorbit coupling constant with internuclear distance is shown in Fig. 3 . For the X 2 ⌸ and 2 2 ⌸ states, these functions show a linear behavior for a wide range of distances, decreasing and increasing in magnitude for the ground and excited 2 2 ⌸ states, respectively, as the distance increases. Of interest to spectroscopists, we next used these functions to compute the vibrationally averaged coupling constants given in Table I;  for the 2 2 ⌸ state, the coupling constant is predicted to be about three times larger than the ones for the ground state. This difference can be simply rationalized in terms of the open shell MO composing the dominant configuration state 
4 , and an analysis of the 5 MO shows it to be dominated by the 4p AO of the bromine atom, with a coefficient of 0.93. For the ground state, the open shell electron is mostly localized on the sulfur atom. The expected increase in the coupling constants in the series SF, SCl, and SBr is expressed in their theoretical values of −387 cm −1 ͑at R e ͒ 3 for SF, −412 cm −1 ͑at R e ͒ 4 and −453 cm −1 ͑͗A 0 ͒͘ 2 for SCl, and −748 cm −1 ͑͗A 0 ͒͘ for SBr in the present work; these latter two results correspond to the vibrationally averaged coupling constant for the vibrational state v = 0. For the two Rydberg states, this splitting is of the order of 100 cm −1 and corresponds to a regular term. If we can take the theoretical prediction for Br as a reference, these results might be underestimated by about 12%. For the isolated atoms, our theoretical energy splittings turned out to be −548 and −3215 cm −1 , respectively, for S and Br, whereas values of −573.6 cm −1 ͑ 3 P 0 -3 P 2 ͒ and −3685 cm −1 ͑ 3 P 1/2 -3 P 3/2 ͒ were determined experimentally. 24 Although very time consuming and expensive, further refinements in the calculation such as extending the basis set to quintuple-zeta quality and beyond, increasing the dimension of the N-particle space, introducing core-valence correlation effects, and also relativistic effects via use of pseudopotentials would be desirable in a near future, especially after having some experimental feedback from spectroscopists. However, we are certain that they are not likely to change significantly the major results and overall picture of the states of SBr presented in this investigation. Supporting this statement, in a recent study of the BrO molecule, Li et al. 25 have shown that no changes in the order of states and no significant variation in the vertical excitation energies have been verified after incorporating scalar relativistic effects in the calculations.
B. Transition moments, transition probabilities and radiative lifetimes
Dipole moments ͑DMs͒ and transition dipole moments ͑TDMs͒ as functions of the internuclear distance are plotted in Fig. 4 Table II show a small magnitude for the ground state, but those for the 2 2 ⌸ state are predicted to be about ten times greater. For the 2 2 ⌸ state, this function also exhibits an almost linear behavior around the equilibrium distance and suffers a discontinuity ͑not shown in the figure͒ at the avoided crossing around 5.4a 0 . We recall that these averages could in principle be determined experimentally. For the Rydberg states, the DM function is practically constant in the small interval considered for the 3 2 ⌸ and decreases slightly for the 4 2 ⌸. Radiative transition probabilities were computed by the Einstein emission coefficient expression
with v kl in cm −1 ; the multiplication constant is the conversion factor necessary to express A kl in s −1 for dipole moment matrix elements kl given in e Å. 18 Selected values of the dipole moment absorption matrix elements and transition probabili- Concerning the 2-X transition, radiative transition probabilities, upper bounds for the radiative lifetimes, and Franck-Condon factors are collected in Table IV . It is clearly seen in this table that the intensity for the 2 2 ⌸ ͑vЈ =0͒ emission will be spread over various vibrational states centered around X 2 ⌸ ͑vЉ =10͒ with 0,10 = 457 nm and should fall in the violet-blue region of the visible spectrum. From vЈ =1, the transitions are expected to have a maximum intensity for vЉ =7 ͑ 0,7 = 432 nm͒ and should also be spread over various adjacent states. Since only bound-bound transition probabilities have been evaluated, the radiative lifetimes of 423 and 461 ns for vЈ = 0 and 1, respectively, are estimated to be upper bounds. Prediction of relative intensities with the more approximate approach using Franck-Condon factors agrees satisfactorily with that given by the Einstein emission coefficients; for the strongest transitions from vЈ = 0, however, one finds as final states vЉ = 10 and 11 using the factors and vЉ = 9 and 10 using the emission coefficients. An additional point concerning emission from the 2 2 ⌸ state is that its potential energy curve is crossed by the 2 2 ⌺ − state between vЈ = 0 and 1 and by the 1 2 ⌺ + state close to vЈ = 0; this fact might lead to perturbations and diffuseness in the spectrum. Total radiative transition probabilities ͑A v = ⌺ v Љ A v Ј v Љ ͒ for the 3-X band systems were estimated to be 5.78 ϫ 10 7 s −1 ͑vЈ =0͒ and 5.81ϫ 10 7 s −1 ͑vЈ =1͒, respectively, resulting in estimated upper bound for the radiative lifetimes of 17.3 and 17.2 ns. For vЈ = 0, the transition probability has a maximum for vЉ =2 ͑1.423ϫ 10 7 s −1 ͒ but spreads over vЉ =1 ͑1.107ϫ 10 7 s −1 ͒ and vЉ =3 ͑1.297ϫ 10 7 s −1 ͒; for vЈ =1, A 10 turned out be 1.610ϫ 10 7 s −1 , about twice the corresponding value for A 11 . As to the 4-X band systems, A 0 and A 1 were estimated to be 3.149ϫ 10 7 s −1 ͑vЈ =0͒ and 3.188 ϫ 10 7 s −1 ͑vЈ =1͒, respectively, resulting in estimated upper bound for the radiative lifetimes of 31.8 and 31.4 ns. For vЈ = 0, the transition probability again has a maximum for vЉ =2 ͑7.527ϫ 10 6 s −1 ͒ and also spreads over vЉ =1 ͑6.800 ϫ 10 6 s −1 ͒ and vЉ =3 ͑5.997ϫ 10 6 s −1 ͒; for vЈ =1, A 10 turned out be 8.709ϫ 10 6 s −1 compared to 5.359ϫ 10 6 s −1 for A 11 . Therefore, 3-X transitions are expected to be about twice as intense as the 4-X ones, with a maximum for vЉ =2.
IV. CONCLUSION
This theoretical investigation has described for the first time the species SBr by characterizing a manifold of electronic states, most of them repulsive. For the bound states, their spectroscopic properties are described in detail including spin-orbit coupling constants. Transitions from the few vibrational states of the very shallow 2 2 ⌸ state to the ground state X 2 ⌸ are predicted to occur in the violet-blue region of the spectrum and should have their intensities spread over various adjacent states around vЉ = 10. In principle, the lowlying vibrational states of the ground electronic state should be accessed by transitions from two high-lying Rydberg states. Overall, the high-level theoretical description here presented provides reliable and accurate results that we hope can guide spectroscopists in setting up experimental conditions to characterize this species.
